Abstract -Using a nonlinear black-box model based on the Volterra theory it is possible to describe the nonlinear behavior of a high frequency amplifier. Acquiring only a strongly reduced set of measurements it is easy to predict the load impedance curves anywhere on a Smith Chart. The classic load-pull approach involves the acquisition of a large amount of data and still lacks a description of the nonlinear behavior of the amplifier in deviating situations.
I. INTRODUCTION
A classical way to characterize a high frequency amplifier is to construct the load impedance curves on a Smith chart corresponding to a constant gain or a constant output power for a given constant input power. Different measurement setups have already been described in literature [1] , [2] and used to find these load impedance plots. One can distinguish two major classes: passive load-pull and active load-pull. The classical approach involves a large amount of measurements to cover the Smith chart densely enough with different points. Nevertheless a lot of data is acquired, load-pull lacks a description of the amplifiers behavior in deviating situations.
Using the same measurement setup as for an active load-pull measurement but acquiring only a strongly reduced set of measurements, it will be proven in this article that by processing this data set in another way a descriptive model for the amplifier can be found based on the Volterra theory. This model will be referred to as the 'VIOMAP': the Volterra input-output map. The VIOMAP is able to predict the load impedance curves for a given output power or gain without the need for extensive measurements reducing the measurement time meaningfully in this way. It can also be used to predict the influence of the presence of higher harmonics because the VIOMAP gives a black-box model of the device under test. Figure 1 shows a linear device and its terminating load. The linear two-port is fully described by its scattering parameters and the load is described by its reflection coefficient. Measurement, Vol. 44, No. 3, June 1995. Consider the power gain [3] (1)
II. S-PARAMETERS AND CONSTANT-GAIN CIRCLES
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It is easy to show [4] that the values of that produce a constant gain G lie on a circle in the Smith chart as is shown in figure 2 .
In the case where , the constant-gain circles are found to be non-concentric and their centres are located on a straight line between the point where the gain is maximum and the origin where the gain on the corresponding circle drops to zero. The radius of the circle varies from zero at point to unity at the origin.
It is important to notice that in the case of a linear device the knowledge of the scattering parameters and is sufficient to generate all these constant-gain circles.
It will be shown that in the case of a nonlinear device it is also possible to generate these constant-gain curves out of a new set of parameters which describe the nonlinear device. This set will be referred to as 'VIOMAP'. It is a Volterra input-output map and describes each frequency component of the output as a function of the frequency components at the input(s) based on the Volterra theory. [5] 
III. VIOMAP AS AN EXTENSION OF S-PARAMETERS
Although this extension has a solid theoretical base, it is not the aim of the article to stress its mathematical derivation [5] , [6] but to show one of its applications. Figure 3 shows the equivalence between a physical twoport device and its system representation. The input and output port of the physical device are transformed into input and output terminals of the corresponding system. The incident waves become input signals and the reflected waves become output signals. This system equivalence is used throughout the article to explain the concept of VIOMAP.
First consider a linear twoport. If both input terminals of the system are excited with a signal at frequency , the output signals only contain a component at that frequency which is specified by the S-parameters. In order not to complicate the equations, all frequencies will be expressed relative to this frequency . This is only a simplification, not a restriction.
(2)
The S-parameter describes the influence of the input wave at input terminal on the output wave at output terminal for a certain frequency . Similarly the VIOMAP kernel
describes the contribution of the n-th degree of nonlinearity of system H, combining the frequencies at input terminal into the frequency component of the output signal at output terminal .
To illustrate this the VIOMAP of a device containing a third-order nonlinearity is generated. Based on the Volterra theory it can be proven that 1 (3) In the case of a purely linear device the third-order kernels are zero, such that (4) Comparing (2) and (4) it becomes clear that for a purely linear device the first-order VIOMAP kernel is nothing else than the S-parameter .
Unlike the S-parameter equations (2), it is impossible to generate the VIOMAP equations (3) by hand when the system becomes more complex. An important step forward in the practical use of VIOMAP was the development of a software tool which generates these equations automatically based on the frequency grid of the input spectrum at each input terminal and given the degrees of nonlinearity of each output terminal.
1. The equations of b 2 (1) and b 2 (3) of the second output signal are similar to those of b 1 (1) and b 1 (3) .
IV. VIOMAP AND ACTIVE LOAD-PULL
The focus will be on the fundamental active load-pull to demonstrate how a load-pull system based on a commercial network analyzer can be used to gather the required data to model a device under test in a complete way. In fact VIOMAP is able to predict the influence of the presence of higher harmonics on all frequency components at the output. To measure this full blown VIOMAP two prototype instruments have been developed, which are capable to measure the amplitude and phase of all possible harmonics and intermodulation products. For the first prototype, an equivalent-time broadband sample oscilloscope is used (HP54120) [7] . The second prototype is based on two modified and synchronized "microwave transition analyzers" (HP75100A) [7] . Figure 4 shows a nonlinear device and its terminating load. The nonlinear two-port is described by its VIOMAP and the load is described by its reflection coefficient.
In the case of an active load-pull measurement a 1 and a 2 only contain the fundamental frequency f 0 . The VIOMAP describes the transmitted wave b 2 as a nonlinear function F of a 1 and a 2 , as was shown in (3).
It is the idea to calculate b 2 out of a 1 , and the measured VIOMAP. At that moment the power gain can be calculated as defined in (1) and finally the constant-gain curves can be generated on the Smith chart.
In the case of real time functions equals such that b 2 (f 0 ) can be calculated as follows (5) which can be solved using the Newton-Raphson algorithm. [8] The simplest way to solve (5) is to write each complex number as an equivalent vector in . To perform this conversion, some notation will be defined. Let . Then define such that , and . Using this notation and omitting f 0 results in the following iteration:
A starting value for can be found by solving a reduced version of (5), which only contains linear terms in and . It was found however that in this case the Newton-Raphson algorithm did not always converge. Using a zero starting value this problem was solved.
Out of the value of it is easy to calculate such that finally you get a value of the power gain G for any value of and .
V. THE MEASUREMENT SETUP AND RESULTS
To predict the fundamental active load-pull behavior from a VIOMAP, a set of experiments have to be performed where the device under test is excited at both input and output simultaneously by a one-tone phase-coherent signal. The setup for an active load-pull at the fundamental frequency can be used to perform the necessary measurements.
The measurement setup used to generate the results of this article is based on a commercial available network analyzer (HP8510B) with a slightly modified S-parameter test set (HP8515A). Two internal modifications were required. First both the input and the output port have to be excited while the network analyzer operates in forward measurement mode. Secondly the sampler circuit, detecting the reflected wave at the output port was brought into compression by the output power of the amplifier under test. A 20 dB attenuator was inserted before the sampling circuit ( figure 5 ).
An appropriate calibration is necessary to relate the waves at the device under test with the measured values. A simplification can be done at port 1 due to the presence of the 30 dB amplifier which acts as an isolator for the reflected power from the device under test. A standard "load, open and short" calibration is done at port 2. A power calibration at port 1 maps the measured value a 1 to the power delivered to the device under test. A thrucalibration correlates the phase behavior from port 1 to port 2. A test has been performed to detect the region of compression of the samplers in the range of operation. 1 . and representing a symbolical derivation.
A. The device under test and the VIOMAP extraction
The device under test is a 7.5 dB one stage amplifier operational around 1.2 GHz. For the sake of example the amplifier will be analyzed using an input power going from -8.5 dBm to 7.5 dBm.
To build a model, a set of 125 calibrated input and output waves are acquired with an input power at the device under test ranging from -8.5 dBm to 7.5 dBm. For each input power level the attenuator and line stretcher are set randomly a few times.
A satisfying VIOMAP for the amplifier is extracted from the set of measurements. A seventh degree of nonlinearity for the output power at the fundamental tone as function of the input power at port 1 and 2 and a third degree of nonlinearity for the output power as a combination of the input power at port 1 and 2 results in residues which are more than -40 dB below the measured values of the output component ( figure 6 ). This model contains 12 complex parameters. The model allows now to predict different behaviors of the device under test.
B. Prediction of the compression of the amplifier
Using the extracted VIOMAP it is very easy to predict the compression of the amplifier for an input power going from -8.5 dBm to 7 dBm and to compare these results with the measured compression ( figure 7 ). An input power of 7 dBm drives the amplifier 2 dB in compression. The predicted output power follows the measured one within 0.05 dB. It is important to notice that the VIOMAP is also able to predict the phase within 0.75 degrees.
C. Viomap and Load-Pull Prediction
In contrast to a load-pull measurement which has to be repeated for each input power of interest, the extracted VIOMAP predicts the load-pull behavior for any input power to the device under test within the range of testing while covering the complete Smith Chart.
To demonstrate the quality of the prediction using VIOMAP, figure 8 shows a zoom on the first 3 curves (G i = 5, 4.5, 4) for an input power set to 4.95 dBm. The full line corresponds to the predictions based upon VIOMAP while the points are measured using the classical approach. Correspondence can be found within 0.1 dB. The dashed circles are the predictions based on the small-signal S-parameters, showing the influence of the nonlinear behavior of the device under test.
The same VIOMAP allows also to calculate the trajectory of loads which maximize the absorbed power as function of the input power. On figure 8 the predicted and measured point are indicated. Figure 9 shows a set of shaded contour plots in the load-plane resulting from a VIOMAP simulation of an active load-pull for several values of the input power. Such figures can be generated very fast in contrast with a laborious load-pull measurement. In the region where the device behaves linearly the contours are circles. The more the device goes into compression the more these contours deviate from being circles. At the same time the maximum gain decreases.
VI. CONCLUSIONS
In order for load-pull measurements to give an idea of the nonlinear behavior of a high frequency amplifier with an acceptable resolution a large amount of measurement data has to be acquired. Nevertheless it lacks the description of this nonlinear behavior in deviating situations.
VIOMAP on the contrary, being a descriptive black-box model of the nonlinear device under test, is able to predict the load impedance curves for any given output power or gain. To estimate the parameters of this model, only a strongly reduced set of measurements has to be acquired once.
In fact this is only a small application of VIOMAP. It is possible to integrate this nonlinear macro model in an harmonic balance simulator and to predict the overall behavior of cascaded two-ports which are each described by a VIOMAP and to replace this system by a new VIOMAP. As such VIOMAP can be considered as being the S-parameter equivalent for weakly nonlinear RF and microwave devices. [9] VII. ACKNOWLEDGEMENT 
